Reconstruction of Absorbed Doses to Fibroglandular
.
The assessment of potential benefits versus harms from mammographic examinations as described in the controversial breast cancer screening recommendations of the U.S. Preventive Task Force included limited consideration of absorbed dose to the fibroglandular tissue of the breast (glandular tissue dose), the tissue at risk for breast cancer. Epidemiological studies on cancer risks associated with diagnostic radiological examinations often lack accurate information on glandular tissue dose, and there is a clear need for better estimates of these doses. Our objective was to develop a quantitative summary of glandular tissue doses from mammography by considering sources of variation over time in key parameters, including imaging protocols, X-ray target materials, voltage, filtration, incident air kerma, compressed breast thickness, and breast composition. We estimated the minimum, maximum and mean values for glandular tissue dose for populations of exposed women within 5-year periods from 1960 to the present, with the minimum to maximum range likely including 90% to 95% of the entirety of the dose range from mammography in North America and Europe. Glandular tissue dose from a single view in mammography is presently about 2 mGy, about one-sixth the dose in the 1960s. The ratio of our estimates of maximum to minimum glandular tissue doses for average-size breasts was about 100 in the 1960s compared to a ratio of about 5 in recent years. Findings from our analysis provide quantitative information on glandular tissue doses from mammographic examinations that can be used in epidemiological studies of breast cancer. Ó 2012 by Radiation Research Society
INTRODUCTION
The November 2009 release of breast cancer screening recommendations by the U.S. Preventive Services Task Force (1) led to a storm of controversy about the task force's assessment of benefits versus harms. The key goal of mammography used as a diagnostic as well as a screening tool is the early detection of breast cancer in females with improved survival of patients. Among the potential harms, limited attention was given to absorbed dose to the fibroglandular tissue of the breast (glandular tissue dose) for women who had undergone repeated mammograms during the 1960s through much of the 1970s, when glandular tissue doses were substantially higher than more recently. Follow-up studies of patients undergoing radiotherapy for medical conditions and Japanese atomic bomb survivors have demonstrated that exposure to moderate to high doses of ionizing radiation is a risk factor for breast cancer in women, particularly when exposure takes place at young ages (2) (3) (4) . However, there are few quantitative data on glandular tissue doses from mammography in past decades and few epidemiological studies of radiationrelated breast cancer risks that quantitatively include the contribution of mammography to the total glandular tissue dose received from other medical radiation, environmental or occupational sources. Epidemiological studies to date have primarily used the type and frequency of radiologic examinations rather than a more precise quantitative measure of glandular tissue dose to estimate the risk of radiation-related breast cancer. This is especially true for glandular tissue doses from mammography or other diagnostic or screening procedures in which the breasts were exposed to medical radiation prior to the 1980s. Better estimates of glandular tissue dose from different types of radiographic examinations are needed, particularly for earlier decades, to improve radiation-related breast cancer risk estimates.
The objective of this study was to review literature on radiation exposure of the female breast from mammography and to reconstruct associated glandular tissue doses from 1960 to the present. In this paper, we provide literature-and calculation-based estimates of glandular tissue dose by 5-year periods based on reports from the U.S., Canada and European countries. While we found that it was not possible to develop statistical distributions describing the variation of the doses received in each period, our comprehensive review and careful examination of many parameters enabled us to estimate mean, minimum and maximum glandular tissue doses within each period. These minimum and maximum values do not attempt to capture unusual exposure circumstances but, rather, routine radiologic examinations provided in medical care. From the data presented here, temporal trends in glandular tissue doses from mammography in North America and Europe can be deduced as well as the variation of these doses among women.
MAMMOGRAPHY AND GLANDULAR TISSUE DOSE ESTIMATION: BASICS
Mammography is a radiographic procedure using relatively low-energy X rays (generally below 50 keV) to form an image of the internal structure of the human breast. The images were initially captured on film and more recently on digital media. To achieve high resolution and good contrast in mammographic examinations, it is necessary to optimize the spectrum of X-ray energies to the composition, density and thickness of the breast. Because ionizing radiation is used to form the image, some energy penetrates breast tissue, resulting in absorbed dose in the breast.
In mammography, the tissue at risk for breast cancer is the fibroglandular tissue. Glandular tissue dose is defined as the mean energy imparted to the mass of fibroglandular tissue of the breast (5). It should be understood that the glandular tissue dose is not measured directly but is calculated as the product of the incident air kerma, determined by measurement, and a conversion coefficient (D gN ):
where D g is the glandular tissue dose (mGy), K a,i is the incident air kerma (free-in-air) (mGy), and D gN is a conversion coefficient (glandular tissue dose per unit incident air kerma) (mGy per mGy). The quantity K a,i is the air kerma from the incident beam on the central X-ray beam axis at the focal spot-to-surface distance (i.e., at the skin-entrance plane) (6) . Only the primary radiation incident on the patient or phantom is included; backscattered radiation is excluded. The incident air kerma is determined primarily by the energy spectrum of the emitted X rays and the intensity (photon fluence) of the X-ray beam that is generated. For many years, the intensity was under control of the technologist and reflected the machine settings, which were either derived from imaging protocols or reflected the technologist's experience in obtaining high-quality images for a patient of a particular breast size. The total X-ray intensity can be set by adjustments to the beam current (millamperes) (mA), the length of time the X-ray beam remains on (in modern systems, the exposure time is under automatic control), and/or the amount of material through which the X rays are filtered before reaching the breast. In general, mammographic images require a minimum number of X-ray quanta to reach the film or imaging device to achieve an image of acceptable quality. Because the breast tissue absorbs much of the radiation that passes through it, the intensity of the X-ray beam (and hence the incident air kerma) must be modified for each woman to account for the thickness of the breast that is being imaged.
Also needed for dose computations are conversion coefficients (D gN ) that are applicable for the physical attributes of the breast to be imaged as well as the characteristics of the incident radiation field. Each D gN value is for a specific set of exposure-related variables and assumptions about breast characteristics that reflect a particular physical or mathematical phantom, a typical woman or even, but more rarely, a specific individual. While there are numerous values of D gN available in the published literature, we found that D gN values are not available for all combinations of X-ray energies and filtration used over the decades as well as the full range of breast characteristics.
The most important exposure-related variables that determine the magnitude of incident air kerma, the D gN values and, ultimately, the glandular tissue dose from mammography can be described by the following five parameters, moving in concept from X-ray generation to the patient.
1. Electrical potential (kilovolts) (kV) placed on the X-ray machine target (7): determines the maximum energy of emitted photons; values around 25 kV (peak) are typical for mammographic machines. 2. Composition of X-ray target (typically tungsten, molybdenum or rhodium) (8) (9) (10) (11) (12) : determines to a large degree the shape of the X-ray spectrum. X-ray tubes have been constructed of tungsten (W) for decades because of the good heat-load capacities of the metal. Other target materials include molybdenum (Mo) and rhodium (Rh). Molybdenum targets were largely introduced in the 1970s to improve contrast (12) by providing a good compromise between an X-ray energy spectrum that gives high contrast and high dose and a higher-penetrating lower dose and lower contrast image. Molybdenum targets are often used in conjunction with an external molybdenum filter, which filters the spectrum in such a way as to leave a narrow spectrum that is highly suitable for imaging the breast. 3. Filtration of the X-ray beam (7, (13) (14) (15) (16) : often under control of the technologist; filtration is the thickness of a specific material that the X-ray beam must pass through before exiting the X-ray tube (typically measured in mm of Al). Historically, filtration was measured by a quantity termed half-value layer (HVL), which is the thickness of material that will reduce the beam intensity by one-half. Filtration is used to provide a good compromise between dose reduction and high contrast by removing quanta that are highly unlikely to successfully pass through the breast to the imaging device. For the purpose of this work, we have derived, from the literature, the amount of added filtration (18, 20, 25, 28) . In addition, breast density decreases with age (29) .
MAMMOGRAPHY IN PRACTICE: EVOLUTION WITH TIME
Mammography is recognized today as an important tool for cancer detection; hence screening programs have been implemented in many countries since the 1990s (1, 20, 25, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . However, the technology used to form images of the breast tissue has evolved over time, particularly during the 1960s and 1970s. The technological evolution of mammography is discussed in the Appendix along with some of the information available for glandular tissue dose estimation together with detailed protocols implemented in periods from 1960 until the present. A brief summary is provided in Table 1 and below.
Mammography has evolved since the first examinations conducted by Salomon in 1913 on 3,000 mastectomy specimens (43) , and the evolution of the technology can be divided into four periods:
1. The period of early experimentation in the 1930-1940s (44) , during which the technology was tested to improve the quality of images with no concern about the level of dose to the breast. 2. In the 1950s, mammography was introduced in clinical practice with different protocols implemented. Leborgne (45) was the first to describe his technique and the X-ray machine settings (often called technical parameters of radiographic technique). During the 1960s, protocols described by Egan (46) and by Gershon-Cohen (47) were widely implemented. Diagnostic protocols included one to three films per breast with the major views being craniocaudal, mediolateral and mediolateral oblique (Fig. 1 (51) , and the Nationwide Evaluation of X-ray Trends (NEXT) surveys were initiated in the US in the 1980s (53) (54) (55) (56) (57) to assess the overall quality of mammography practices and to estimate various radiation dose quantities. The Mammography Quality Standards Act regulation (MQSA) was introduced by the U.S. FDA in the early 1990s to regulate the use of mammography and provide accreditations (58) . In parallel, user practice guides were provided to the medical community (59, 60) . As screenfilm technology improved with the introduction of new screens, new films and grids, this technology became widely accepted, with xeroradiography disappearing from use in the 1990s (55) . From the 1990s onward, digital mammography has become increasingly available and is expected to grow in use since the quality of images is being improved. Quality control programs for digital mammography are therefore being developed in the U.S. and in Europe (12, 58) .
METHODS

Collection of Literature Data
We conducted a literature review to obtain, where available, direct estimates of glandular tissue dose of women from mammographic examinations and, secondarily, data describing mammography imaging protocols from which glandular tissue doses could be estimated. We also reconstructed glandular tissue doses for a variety of exposure conditions and imaging protocols for which reports described exposure conditions but lacked quantitative measures of dose quantities.
Publications discussing various radiation dose quantities for mammography were sought with an ordered priority as follows: (1) data on individually determined glandular tissue doses for mammography, (2) conversion coefficients to estimate glandular tissue dose from quantities such as free-in-air exposure, incident air kerma (excludes backscattered radiation), and entrance-surface dose or entrance-surface air kerma (includes backscattered radiation), (3) Xray machine settings (including peak electrical potential, beam filtration, beam current, exposure time) as well as anatomic data on compressed breast thickness and breast composition that could be used to estimate glandular tissue doses, and (4) literature-based estimates of glandular tissue dose.
Regarding (1) above, the literature most directly applicable for our purposes reported individually determined glandular tissue doses. However, in most circumstances, absorbed dose in the fibroglandular tissue is rarely measured directly but is inferred from measurements that can be used to estimate glandular tissue dose. Hence individually determined glandular tissue doses refers to derived values of glandular tissue dose based on measurements of other radiation dose quantities made on an individual basis.
To locate publications relevant to our purposes, PubMede (including Medlinee) was searched using keywords and phrases including ''radiation dose and mammography.'' The individual ! X-ray machine settings described for the medical community ( HISTORICAL DOSES FROM MAMMOGRAPHY reference lists of the collected publications were also used to obtain additional relevant publications. The number of mammographyrelated dosimetry publications rose after 1980 as the technique became standardized and clinically accepted for diagnostic purposes. Because there was only a single publication discussing radiation dose data prior to 1960 (46), our evaluation of glandular tissue doses in this paper is limited to 1960 and after.
Classification of Literature Data
The most useful publications for this analysis contained data that could be used to derive a temporal summary of glandular tissues doses received from mammography. We classified the publications into three groups, Tier 1, Tier 2 and Tier 3, to indicate the value of the data they contained ( Table 2) .
Tier 1 included publications in which results for glandular tissue dose were presented for individuals or for groups of patients with various CBTs. In most of these publications, a statistical summary of the glandular tissue doses (including ranges) was provided by the authors. The data from the publications that we categorized as Tier 1 were given highest priority.
Tier 2 publications were those in which results for glandular tissue dose were calculated for the average breast size reported in the particular publication as simulated by a phantom with CBTs varying from 4 to 6 cm. For each Tier 2 publication, we converted the glandular tissue dose to incident air kerma (K a,i ) assuming a reference CBT of 5 cm [i.e., K a,i (5 cm)]. We used conversion coefficients appropriate for the imaging protocol noted in the publication, or if not stated, we used the protocol that was most commonly used in that period. Estimation of conversion coefficients is described in detail below, and conversion coefficients are presented by protocol in the Appendix of this paper.
The K a,i values for thinner compressed breasts were typically lower than K a,i for thicker compressed breasts. Variation in K a,i according to breast thickness results from changing the milliampere-seconds (mAs) of the machine and/or the target-to-film distance to produce X-ray images of equal quality for each CBT. We extrapolated from K a,i (5 cm) to K a,i (3 cm) and K a,i (8 cm) using the data and approach described by Gentry and DeWerd (18), i.e., by decreasing incident air kerma for small CBTs (3 cm) and increasing incident air kerma for larger CBTs (8 cm). The range of K a,i provided by Gentry and DeWerd (18) is in agreement with findings reported by other authors (37, 38, (61) (62) (63) . However, because the data of Gentry and DeWerd (18) came from a large study conducted in 170 facilities in the U.S., it was our preferred source for data to extrapolate K a,i values for 3-and 8-cm CBTs from the nominal average thickness of 5 cm. Smaller studies published by other authors (37, 38, (61) (62) (63) on the relationship of K a,i and CBT were likely less representative of the many possible variations in imaging technology and mammography protocols.
While the relationship of K a,i as a function of CBT in Gentry and DeWerd [see Fig. 3 of ref. (18)] is quantitatively descriptive, the one standard deviation confidence intervals (CI) did not provide adequate information for understanding population variability. The magnitude of the variation was such that extending the CI to two standard deviations so that we could capture 95% variation would result in negative lower bounds. Hence we implemented the Approximate Bayesian Computation (ABC) method as described by Beaumont et al. (64) to estimate the 95% CI while maintaining positive lower bounds. Our application of this method is described further in the Appendix of this paper. We estimated the mean and approximate 95% range for D g based on mean K a,i values from Gentry and DeWerd (18) for CBTs ranging from 3 to 8 cm, using the appropriate conversion coefficients for the specific CBT and relevant imaging protocol.
Tier 3 publications reported only estimates of exposure (R) or K a,i (mGy). When values were provided for average women (CBT 5_cm ), extrapolation to K a,i (3 cm) and K a,i (8 cm) was conducted using the data of Gentry and DeWerd (18) as described above. The derived values of K a,i (5 cm) were then converted to glandular tissue dose for each publication and each protocol using the appropriate conversion coefficients. In addition to K a,i values, relevant information from the imaging protocols was collected on the technical parameters (including target-filter combinations, peak tube potential, filtration and mAs).
Conversion of Reported Quantities to Glandular Tissue Dose
The strategy for calculating glandular tissue doses from Tier 1, 2 and 3 publications is shown in Fig. 2 , and conversion coefficients are described below.
Conversion coefficients (D gN ) for mammography have been derived over the years for certain combinations of technical parameters and imaging protocols (7, 11, 17, (65) (66) (67) (68) . Early on, the most common target material used was tungsten (W), while molybdenum (Mo) was introduced in the late 1960s.
Because conversion coefficients are not available for all imaging protocols used in the past, we had to derive D gN for many combinations of target-filter, peak tube potential and HVL and for three thicknesses of compressed breast tissue (3 cm, 5 cm and 8 cm). As noted earlier, there are data supporting a correlation between breast size and glandularity (18, 20, 25, 28) . Those data together suggest that the glandularity proportion for small compressed breast thickness (CBT ¼ 3 cm) is actually about 52% and about 10% for a large compressed breast thickness (CBT ¼ 8 cm). Our estimates of the proportions of fibroglandular tissue used reported findings of the rate of change of fibroglandular tissue per cm of CBT (25) with a scale adjustment from 30% at 6 cm CBT to 20% CBT based on recent findings of Yaffe (28) suggesting that glandularity is usually overestimated.
From the information collected on machine settings for each protocol, we were able to specify each spectrum in 0.5 keV increments, using either data from IPEM (69) or the models and data of Boone et al. (70) . From each of these spectra, we derived D gN values from calculations using the model formulation described by Boone (7) by assuming the geometry for the compressed breast as described and CBT values of 3, 5 and 8 cm.
To ensure reliability of our computed conversion coefficients, we compared our calculated values to those published by Wu (67) . For Mo-Mo target-filter combination, peak tube potentials of 25, 27 and 29 kV, an HVL of 0.3 mm Al, and CBT thicknesses of 3, 5 and 8 cm, the average agreement of our calculated conversion coefficients with those of Wu (67) was within 5%. 
Estimation of the Glandular Tissue Dose and the Range of Dose by Period
Glandular tissue doses were estimated either for full examinations (two views per breast) or per film (i.e., per view). To achieve comparability. Glandular tissue doses for full examinations were divided by the number of views.
From each publication, we derived an average, minimum and maximum reported glandular tissue dose, but it was not possible in most cases to derive a full statistical distribution of doses from individual publications.
One major goal of our study was to develop a quantitative temporal summary of glandular tissue doses. For our purposes, we chose 5-year periods since there were not sufficient data to estimate yearly changes in doses, nor do changes in technology occur that frequently. If the period when breast examinations were conducted was cited in the report, we assigned the examination to the relevant 5-year period. If the year(s) during which the breast examination was performed was not cited, we assigned the glandular tissue dose to the years when the paper was published.
The glandular tissue dose assigned to each 5-year period was the average of the mean values derived from each publication applicable to that period. In general, equal weight was given to all publications because there was no specific evidence that greater relevance could be assigned to any individual publication. The minimum and maximum glandular tissue doses assigned to each 5-year period were obtained directly from the minimum and maximum values derived from the group of publications in that period. 
Compressed Breast Thickness
The normal anatomic structure of the female breast can be characterized, in simplistic terms, by size, composition and firmness of the tissue. Depending on these characteristics, the female breast can be of various dimensions when there is no physical constraint. It was recognized in the 1960s that a technique was needed to create a uniform thickness of tissue to be imaged, though it was not until the 1970s that developments into what is today called ''breast compression'' were regularly implemented (12, 19, 21, 71) . Without uniform compression of the breast during imaging, differences in tissue thickness and composition can lead to difficulties in interpretation of mammograms as well as difficulties in limiting the dose to each woman.
While estimating glandular tissue dose to an individual patient can be done with good accuracy by using the actual thickness of their compressed breast, reconstruction of typical glandular tissue doses, as undertaken in this paper, requires information on the distribution of compressed breast thicknesses of women undergoing mammography during each of the past decades. (74)], we derived a composite distribution of CBTs measured in more than 48,000 mammograms for use in estimating the average, minimum and maximum glandular tissue doses. Here, we define minimum and maximum to be approximately the 5 and 95% quantiles of the CBT distribution.
Most of the individual publications cite the most common value for CBT to be about 5 cm, and we have confirmed from developing a composite distribution based on data from tens of thousands of mammograms that the mean and median CBT are about 5 to 6 cm. Moreover, from our analysis, less than 5% of CBT values are less than 3 cm and less than 5% are greater than 8 cm. The composite distribution we constructed has good symmetry with only a slight suggestion of positive skewness (Fig. 3) . In this analysis, we have derived approximate minimum glandular tissue doses for 3 cm CBT, average doses at 5 cm CBT, and approximate maximum doses at 8 cm CBT to roughly bound the 5th and 95th percentile of the distribution of doses received in the general population of women undergoing mammography.
Incident Air Kerma
We found that the mean K a,i in the 1960s was typically about 13 mGy for the Gershon-Cohen imaging protocol and about 40 mGy for the Egan protocol. These values pertain to the average compressed breast thickness and were significantly less and greater for thinner and thicker CBTs, respectively (Table 3) . Estimated incidence air kerma values in this period ranged from a few mGy to more than 300 mGy. One plausible explanation for this wide range is that there were significant differences in the mid-1960s in the way the Gershon-Cohen protocol was implemented (75), leading to significant differences in K a,i . There were also notable differences in application of the Egan protocol at different medical institutions (Fig. 4) .
The introduction of xeroradiography in the late 1970s and the first screen-film combinations (non-xeroradiographic systems) both resulted in a decrease in the mean K a,i from earlier types of mammography. Xeroradiography and the first screen-film combinations resulted in decreases in the K a,i in the late 1970s of about 45% and 80%, respectively. While xeroradiography provided improved levels of detail in the mammographic images, this technology was superseded in the 1990s by better screens and films. In general, thicker CBTs required higher K a,i values to achieve the same image quality than did thinner CBTs (see Table 3 ).
The K a,i values declined substantially beginning in the late 1970s to reach 8 to 10 mGy in the 1980s regardless of the imaging system used. However, screen-film systems subsequently became the accepted technology, with xeroradiography disappearing from use altogether, with no major impact on the level of glandular tissue dose received by women.
Glandular Tissue Dose
Estimated glandular tissue doses throughout the 1960s were about 12 to 15 mGy on average with wide ranges, extending as high as 90 mGy. Similar to the results for K a,i , glandular tissue doses for average and thicker CBTs were higher than doses for thinner CBTs (Table 4 and Fig. 5 ).
In the 1970s, estimated glandular tissue doses declined on average about 50% from those in the 1960s. As mentioned in the UNSCEAR report in 1977 (76), the introduction of new technology such as the low-dose technique led to a considerable reduction of glandular tissue dose during the 1970s. However, the range of doses was extremely wide for the full range of CBTs, up to 3000-fold from 0.05 mGy to 170 mGy. The wide range reflected the progressive introduction of new technology and efforts to optimize images while also reducing doses. The reduction in average glandular tissue dose, for average breast size, continued through the early 1980s to about 2 to 4 mGy. Low-dose screen-film combinations, introduced in the 1980s, were a significant factor in lowering the glandular tissue doses.
Average estimated glandular tissue doses changed little through the 1990s, though the variation in dose became smaller. Since the year 2000, reported glandular tissue doses for a CBT of 5 cm have generally ranged from 1.5 to 2 mGy but can vary from about one-half to about four times those estimates when considering the full range of CBTs and the specific techniques employed. In all periods prior to 1990, when glandular tissue dose could be estimated as a function of CBT, breasts of thinner CBT received lower average doses than did breasts of thicker CBT. While it might be possible to obtain data as a function of CBT for years after 1990, the publications we assessed to be most reliable (Tier 1) emphasized determination of individual values for glandular tissue dose that were pooled into one distribution rather than as a function of CBT.
DISCUSSION
We found that glandular tissue doses from mammographic examinations declined significantly over time since 1960, from about 12 mGy (on average) to about 2 mGy or slightly less (on average).
We noted a large variation of glandular tissue dose in the 1960s and 1970s, with substantial differences according to the imaging protocol used. We found that the Egan imaging protocol led to higher glandular tissue doses than the Gershon-Cohen protocol during the 1960s. Modifications to those protocols in the 1970s, along with the introduction of Note. All estimates presented to two significant digits.
HISTORICAL DOSES FROM MAMMOGRAPHY
new technologies (screen-film mammography and xeroradiography), led to significant reductions in glandular tissue dose. This reduction in glandular tissue dose continued in the 1980s. By 1990, the total reduction from the 1960s was, on average, about 90%, along with a substantial reduction in dose variation. The smaller variation in the 1990s suggested that mammographic protocols and practices had become harmonized within and between centers and countries. In this analysis, it is our intention to capture at least 90% of the actual glandular tissue doses received and possibly closer to 95%, with estimated doses for women with three different compressed breast thicknesses (i.e., CBTs of 3, 5 and 8 cm) and associated glandularity (52%, 30% and 10%, respectively). While percentage glandularity depends on breast size, it also depends on the age of the patient. Age-related variation in breast composition is an important determinant of the accuracy of screening mammography (77) . Variation in breast tissue density during different phases of adulthood is an important consideration for when and how to carry out screening mammography (78) , and the decrease in breast parenchymal density (and a corresponding decrease in breast metabolic activity) has been demonstrated using different imaging modalities (29) .
In addition to the possible variation in glandularity according to breast size and age, there are several other potential sources of uncertainty. One component of variation is the force of compression used. Before the mid-1970s, when compression plates were introduced, the breast was compressed with a cylindrical cone (79) that exerted only moderate force and resulted in only moderate physical compression. We conducted a sensitivity analysis to assess the potential differences in glandular tissue dose with less compression than currently used. If the CBT used in calculations is increased by 20% as a result of assuming less compressive force, glandular tissue dose is predicted to be only modestly higher, by 1 to 7%, depending on the original CBT. If the CBT used in calculations is allowed to increase by 40%, the increase in glandular tissue dose is predicted to be somewhat greater, 2 to 16%, depending on the original CBT. This analysis suggested that our estimates of glandular tissue dose for the earlier years (pre-1975) when vigorous compression was not used regularly might be underestimated by a maximum of 15 to 20%, assuming that, at worst, CBT was 40% greater than today due to the routine use of low compressive force.
Another source of uncertainty in our study is the assumption we made for the estimation of glandular tissue dose for a single view when the publication reported a cumulative dose for a full examination. In that case, we divided the dose for the full examination by 2 or 3 depending on the number of views reported; however, this can slightly overestimate the dose for a single examination when the full examination includes several views. As noted by Burch (34) and Young (33, 80) , the dose received during a two-view examination is less than twice the dose from a single-view examination, because the craniocaudal and the mediolateral oblique examinations do not result, on average, in equal doses. Glandular tissue doses from lateral views are higher (33, 34, 80) . The overestimation of the glandular tissue dose as a result of dividing the cumulative examination dose by a whole number can be about 10% to 15% for a few cases (14, 48) . The reader is referred to ICRU (Table E.1) (6) for a discussion of at least seven different sources of uncertainty that can each contribute 3% to 19% variation.
It is also worthwhile to note that the radiologists or radiologic technologists conducting the imaging may adjust technical parameters of the imaging protocol for the purpose of dose optimization and/or for image optimization, leading to a significant uncertainty in the actual glandular tissue doses received by a particular patient.
Where possible, we compared our findings for higherincome countries to the few publications from lower-or middle-income countries, although the opportunity for a detailed systematic comparison was not possible due to For recent years, the data we report represent glandular doses from both screen-film and digital mammography. The performance of the two systems has been compared in recent publications (82) (83) (84) , where it was shown that the use of anode-filter combinations such as Mo/Rh, W/Rh, Rh/Rh and Rh/Al in screen-film mammography provides better dose performance than Mo-Mo combinations in digital mammography (82) . A reduction in glandular tissue dose of about 40% can be achieved with digital mammography compared with conventional slow film technique (61, 83, 58) , but, as reported by Moran in 2005, there is little evidence of a consistent reduction in dose with digital mammography for smaller breasts (61) . Those findings were recently confirmed by Hendrick et al. (84) , who found in a large survey conducted by the American College of Radiology Imaging Network Digital Mammographic Imaging Screening Trial that the glandular tissue dose was about 22% lower, on average, for digital mammography compared with screen-film, with major differences, if any, only for larger breasts.
Comparison of our estimated values of glandular tissue dose from mammography over time with those described by other investigators for the same periods for women with 5 cm CBT demonstrates consistencies for periods after 1970 [ (12, 85, 86, 87) quoting (58)], but several reported glandular tissue dose estimates for periods before 1970 [ (12, 86, 87) quoting (58)] were higher than our estimates of the average value of mean glandular dose (but were included within our upper bound). It is difficult to determine reasons for this difference, particularly because most publications of earlier doses lacked detailed documentation of the basis of their estimates (12, 86) and did not quantitatively derive dose estimates over the range of CBT as done in our analysis.
Because of the limitations on the quality of information, especially in the 1960s, our findings for the earliest period must be interpreted cautiously. The large variation in glandular tissue doses received among individual women during the 1960s, as well as the uncertainty of the dose received by any single woman, should be recognized. Nevertheless, this summary of glandular tissue doses received from mammography among women in higherincome countries is more comprehensive than earlier assessments. The historical quantitative data on glandular tissue doses for 1960 onward fill an important gap. Application of the dose estimates to epidemiological studies of breast cancer risk will contribute valuable quantitative data for breast cancer risk estimates and also provide additional information for assessment of potential harms versus benefits from mammographic examinations.
APPENDIX
This appendix presents (1) details of the application of the Approximate Bayesian Computation (ABC) method to estimate the variation for incident air kerma (K a,i ) based on the data of Gentry and DeWerd (see Table A1 ) (18) and (2) detailed information derived from the literature on how mammography was conducted from 1960 to the present. Technical parameters (machine settings) for the mammography imaging protocols by decade are presented in Table A2 . Conversion coefficients from incident air kerma (K a,i ) to glandular tissue dose are presented for thinner, average and thicker CBTs by period and imaging protocol (Table A3) , based on the possible target-filter combinations and values of peak tube voltage and filtration derived from the literature.
Application of ABC Method to Estimation of K a,i
In reconstructing historical radiation doses, it may be necessary to use regression coefficients, confidence intervals, or prediction intervals for parameters used in dosimetry models. The difficulty in using literature data often arises because the raw dosimetry data are not available; rather, only summary statistics such as means and standard deviations are typically provided in publications. For example, the data of Gentry and DeWerd on K a,i as a function of CBT is the most complete available though the ''error bars'' are inadequate to determine the actual variation beyond the one standard deviation (18) . In this work, we used the Approximate Bayesian Computation (ABC) approach to estimate the 95% variation at each K a,i based on the provided one standard deviation data.
In Gentry and DeWerd, the data available were a histogram of compressed breast thickness [see Fig. 1 of ref. (18)], the total number of individuals, and information on how CBT was rounded (with either a 0.5-cm or 1-cm resolution). We assumed that CBT measurements were distributed as a truncated normal distribution with a lower cutoff point of 0.75 cm and an upper cutoff point of 10 cm (see Fig. 2 of this paper). The rounding of the CBT was described with a 0.5-or 1.0-cm resolution, and we assumed these errors to occur in equal proportion. Using these assumptions, we estimated the mean and standard deviation for CBT to be 4.46 cm and 1.52 for a truncated normal distribution.
Based on the estimated mean, standard deviation and proportions of rounding errors, we simulated K a,i values as a function of compressed breast thickness. Using the ABC method, we used linear regression with log-transformed K a,i values and simulated the compressed breast thickness values.
The steps in implementing the ABC method were as follows. First we generated parameters, l and r, from prior distributions, p(l) and p(r) 0 ; then we accepted l and r. Otherwise, we rejected l and r [step 3] and went back to step 1. We repeated these steps until we found acceptable l and r values with a prespecified number of iterations (e.g., 10,000). Table A1 presents our estimates of the 5th and 95th percentiles of K a,i at 3 cm, 5 cm and 8 cm CBT based on application of the ABC method. The earliest radiographic examination of breast tissue that used a technique similar to present-day mammography was conducted by Salomon in 1913 on 3,000 mastectomy specimens. His purpose was to compare roentgenographic findings with gross and microscopic anatomy evaluations (43) . Since then, mammography techniques have evolved to improve image quality with the primary goal of improving the diagnosis of breast cancer.
In the 1930s and 1940s, mammography was still in an experimental and developmental phase (44) . At that time, the focus was on the imaging of benign and pathological tumors (88, 89) . Radiation dosimetry was in its infancy, and no attempt was made to estimate radiation dose quantities. In an effort to standardize and improve the diagnosis of breast cancer, Leborgne described in 1951 one of the first imaging protocols, i.e., X-ray machine settings, often called technical parameters of radiographic technique and standardized practices (45) . An important cancer follow-up study conducted by Egan in the late 1950s (90) reported the first large statistical analysis of the diagnostic value of mammography.
Mammography in the 1960s
Throughout the 1960s, several publications described the use of mammography in detection of breast cancer (89, (91) (92) (93) (94) . In the 1960s, two mammography imaging protocols were used: the Egan and GershonCohen protocols. The primary factors specified in these mammography protocols were the maximum potential (peak kilovolts), beam filtration [given in terms of either added filtration (mm Al) or half-value layer (equivalent mm Al)], and X-ray beam intensity expressed as milliampereseconds (mAs) [the product of the machine beam current (mA) and the exposure time (s)]. The glandular tissue dose received is directly related to X-ray beam intensity. The X-ray beam intensity is determined by X-ray field quantities such as the incident skin exposure (R) or incident air kerma (mGy) (both exclude backscattered radiation) and entrance-surface exposure (R) or entrance-surface air kerma (mGy) (both include backscattered radiation). These quantities implicitly account for mAs, so a separate numerical value of mAs usually is not required for dose estimation. In some cases, the target-to-film distance (TFD) was also specified.
The Egan protocol was characterized by an electrical peak potential between 22 and 28 kV, with no added filtration (assuming 0.9 mm inherent filtration of the tube), a TFD of 30 to 40 inches, and a mAs between 1500 and 1800. Some modifications were reported for different breast characteristics (46, 75, 90, 95, 96) . The Gershon-Cohen protocol was characterized by an electrical peak potential between 25 and 30 kV, 0.5 mm Al added filtration (assuming 1 mm inherent filtration), a TFD of 18 inches, and a mAs from 100 to 350 (47, 75, 91) . These two protocols were first implemented with a tungsten target and aluminum filter until the end of the 1960s, when the Egan protocol was modified to be used with the Senographe, which had a Mo-Mo target-filter combination with 0.4 mm Al inherent filtration (49) . Several authors investigated potential modifications of these protocols with, for example, the introduction of low tube potential in Gershon-Cohen and a selection of various film types (75, 95, 97, 98) .
Mammography in the 1970s
In the early 1970s, the Senographe was widely introduced and the Egan protocol was adjusted for target filter combinations of W-Al and Mo-Mo. Later in this period, protocols were adapted for optimal practice with other new technology developments: implementation of a molybdenum rotating anode that allowed lower exposure times (99) , introduction of several screen/film combinations and various filters 2 (10, 14, (48) (49) (50) , and the introduction of xeroradiography 2 (23, 51, 52) . Screen-film technology was more sensitive than the non-screen film technology, allowing for lower exposure. In xeroradiography, the film was replaced by an aluminum plate coated with a layer of amorphous selenium (12) . It was introduced to improve quality of the image for dense breasts and to visualize small disparities in density (44) . Beginning in 1975, reports compared various radiation dose quantities for mammography from various systems and techniques. In a survey conducted in 70 facilities, Bicehouse 2 compared the use of industrial film with the no-screen film technique, xerography, low-dose technique and high-density technique. Rothenberg (51) compared the use of the Senographe with AA film, Xerox plate or Low-Dose vacuum cassette system and tungsten tube with Xerox plate. Similarly, several authors (44, 52, 100-104) conducted surveys to assess the overall quality of mammography systems, typically mammography with no screen, film-screen mammography (Low-Dose), and xeroradiography. After protocols were well defined for screen-film mammography and xeroradiography, the various radiation dose levels evaluated were comparable between the two systems.
Mammography in the 1980s
The major improvements of technology during the 1980s included the introduction of anti-scatter grids and automatic exposure controls (AEC) (21) . In practice, regular surveys to estimate various radiation dose quantities for mammography were implemented by the U.S. Food and Drug Administration's Nationwide Evaluation of X-ray Trends (NEXT) surveys on mammography units in 1985 and 1988. Data from those surveys were analyzed and published by several authors (53) (54) (55) (56) (57) . Surveys were also regularly conducted in other countries such as Canada (105) and the Netherlands (106) to assess practices and estimate the various radiation dose quantities from typical protocols (film-screen with grid, film-screen without grid and xerography) and to survey mammography units in screening centers. These nationwide surveys led to adjustments of imaging protocols to optimize practices (e.g., maximize image information and minimize dose).
A 1980 report of the NCRP (122) provided recommendations on mammography practices for a variety of beam qualities in both screen-film technique and xeroradiography and the estimated incident skin exposure (R) associated with optimal images. Since then, several mammography user's guides were published with recommendations on best practices (59, 60) .
Mammography in the 1990s
Xeroradiography was still in use in the 1990s, but screen-film mammography remained the primary technology used. No major changes in imaging protocols were reported in that period with the exception of the introduction of rhodium as target and filter material (9, 11) .
Surveys to estimate various radiation dose quantities and image quality were regularly conducted in the U.S. and Canada (9, 55-58, 107, 108) , and in some cases, individual glandular tissue doses were assessed (18, 27, 109) .
In Europe, radiation dose investigations were also performed in several countries, with most involving women in screening programs (20, 25, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) 123) . In some cases, glandular tissue doses were estimated from the specifications of the mammography units considering the characteristics of a standard breast (72, (110) (111) (112) (113) (114) (115) . Surveys in conjunction with implementation of accreditation programs contributed to reducing glandular tissue doses (65, 124) .
Mammography after 2000
Similar quality assurance surveys to those performed in 1990s were also conducted in recent years (8, 74, 80, (116) (117) (118) .
Mammography techniques leading to computer storage of images in digital form were developed in the 1990s and were made widely available around 2000 (119) . Even though digital mammography has been implemented in some screening programs (120, 121) , it has not yet widely replaced mammography performed with conventional technology. Current developments in digital mammography and promising improvements in the quality of images are expected to increase the implementation of this relatively new technology. Quality assurance programs dedicated to digital mammography are therefore being developed by the American College of Radiology, the U.S. Food and Drug Administration, the European Commission, and the International Atomic Energy Agency (12) .
